Perfectly, crystalline, 55 nm thick silicon membranes have been fabricated over several square millimeters and used to observe transmission ion channeling patterns showing the early evolution of the axially channeled beam angular distribution for small tilts away from the [011] axis. The reduced multiple scattering through such thin layers allows fine angular structure produced by the highly non-equilibrium transverse momentum distribution of the channeled beam during its initial propagation in the crystal to be resolved. The membrane crystallinity and flatness were measured by using proton channeling measurements and the surface roughness of 0.4 nm using atomic force microscopy. V C 2011 American Institute of Physics. [doi:10.1063/1.3665620] Large-area, ultra-thin, free-standing silicon membranes are needed for diverse applications in ultraviolet, x-ray spectrometry, nano-electro-mechanical systems, sensors, and transmission ion channeling. Free-standing silicon membranes with nanometer thicknesses have been prepared and are discussed in Ref. 1. However, their high curvature renders them unusable for ion channeling experiments, for which membranes need to be flat over areas of at least tens of micrometers. There are many approaches to fabricate thin, selfsupporting silicon membranes over large areas, including introduction of a buried etch stop by diffusion or implantation 2 or a buried oxide 3 and electrochemical methods.
Large-area, ultra-thin, free-standing silicon membranes are needed for diverse applications in ultraviolet, x-ray spectrometry, nano-electro-mechanical systems, sensors, and transmission ion channeling. Free-standing silicon membranes with nanometer thicknesses have been prepared and are discussed in Ref. 1 . However, their high curvature renders them unusable for ion channeling experiments, for which membranes need to be flat over areas of at least tens of micrometers. There are many approaches to fabricate thin, selfsupporting silicon membranes over large areas, including introduction of a buried etch stop by diffusion or implantation 2 or a buried oxide 3 and electrochemical methods. 4, 5 Cheung 6 developed the use of boron diffusion into silicon as an etch stop for ethylenediamine-pyrocatechol (EDP), allowing fabrication of such membranes over large areas. Such membranes were used for ion channeling studies in thin crystals 7-9 but they cannot be made much thinner than 200 nm with this process, and so the resultant channeling patterns are always blurred due to the significant amount of multiple scattering of the channeled trajectories. Ultra-thin silicon-germanium membranes were fabricated over micrometer areas, 10 but are too small for producing ion channeling patterns.
Ion channelling occurs when the transverse energy of an incident ion is less than the continuum potential energy of an atomic row or plane in a single crystal. Axial and planar ion channelling effects are important across a wide energy spectrum 11, 12 from keV energies for ion implantation, MeV energies for ion beam analysis, 13, 14 and GeV to TeV energies for proton beam extraction experiments. 15, 16 A study of the angular distributions produced by MeV protons at small [011] axial tilts in silicon crystals of 200 to 300 nm thickness reported ring-like "doughnuts," concentric with [011] with a diameter proportional to the tilt and an azimuthal intensity which was modulated by the intersecting major planes. 17 More recently, axial channelling in thin membranes was studied to characterise the effects of "rainbow" channelling 18, 19 which predicts a singular differential transmission cross-section and the formation of fine structure such as points and ridges of width about 2% of the critical angle, w a in the angular distribution through ultra-thin crystals. However, lack of perfectly crystalline, flat membranes thinner than 200 nm has hampered such experimental study of ion channeling in highly non-equilibrium conditions.
Here, we describe a method of fabricating ultra-thin silicon membranes over areas of 0.5 mm 2 based on potassium hydroxide (KOH) etching. This is usually performed in conjunction with a hard mask such as silicon nitride and silicon dioxide but problems of mechanical stresses and a finite etch rate hamper the use of such hard masks for producing ultrathin membranes. Such problems recently led to the development of polymeric masking materials owing to their lower mechanical stresses. 20, 21 Our method uses the buried oxide in a silicon-on-insulator (SOI) wafer as an etch stop for KOH etching through a back-side opening in a protective polymer layer. The SOI wafer comprises a 55 nm thick device layer (1 X cm, p-type), a 145 nm buried oxide and a substrate of 700 lm thickness. To etch through such a thick substrate, the wafer is immersed in KOH for many hours, necessitating a very high resistance polymer mask. We used ProTEK V R B3 Wet-Etch Protective Coatings (Brewer Science) which exhibited excellent durability in a KOH concentration of 20% (in de-ionized water with 4% isopropyl alcohol) during extended etching times at 85 C, achieving an etch rate of 100 lm/h. While the roughness of a silicon surface which is deeply etched with KOH is high, the buried oxide stops etching at regions which are more rapidly etched, allowing the slower-etched regions to fully remove the remaining substrate before any penetration of the oxide occurs. Since KOH provided sufficient Si:SiO 2 etching selectivity by a factor of at least one thousand, 22 higher selectivity but more hazardous etchants such as tetramethylammonium a)
Author to whom correspondence should be addressed. Electronic mail: phymbhb@nus.edu.sg. hydroxide or EDP are not required. After etching, the polymer coating was removed from all surfaces using a Piranha. Finally, the SiO 2 layer is removed by dipping sample in dilute hydrofluoric acid (2%). A critical issue at this point is whether the ultra-thin membrane can withstand strain induced by the oxide layer without rupturing. While the membrane in Fig. 1(a) is clearly buckled before removal of the oxide, after removal, the membrane is much flatter, Fig.  1(b) , and the lower surface exposed.
0003-
To study the crystalline quality of the free-standing membranes, we performed ion channeling analysis in conjunction with Rutherford backscattering spectrometry (RBS). No subsequent steps were taken to remove any native oxide from either exposed membrane surface before loading into a vacuum chamber for measurements at a chamber pressure of about 5 Â 10 À5 mbar. Figure 2 (a) shows random and channeled backscattering spectra from the membrane, recorded at a scattering angle of 160 using a surface barrier detector resolution of about 12 keV. Simulation of the random spectrum confirms a thickness of 55 nm, which is calculated to contribute a full width at half maximum (FWHM) angular spread of only 0.01 for a 2 MeV proton beam due to multiple scattering. For axial channeling critical angles of about 0.20 for 2 MeV protons in the silicon major axes, this represents an angular spread of $5% of the critical angle, allowing finer angular structure to be observed than was previously possible with thicker membranes. The RBS minimum scattering yield in channeled compared to random alignment is 5.5%, confirming the highly crystalline nature of the membrane. The root-mean-square roughness of the back surface of 10 lm thick membrane prepared using the same process (the 55 nm membranes are very fragile) was measured by atomic force microscopy as 0.4 nm, comparable with a virgin surface. which MeV ion beams can be focused to less than 1 lm on the wafer surface, so any gradual bend does not limit the resolvable angular structure in the channeling patterns. , and a camera exposure time of 0.8 s. Figure 4 shows FLUX (Refs. 24 and 25) simulations of the exit angular distribution of forty thousand 2 MeV protons transmitted through silicon membranes for increasing tilt away from the [011] axis under the same conditions as in Fig. 3 . FLUX uses the Ziegler-Biersack-Littmark universal potential and a binary collision model with an impact parameter dependent algorithm for energy loss. In Figs. 3 and 4 , the top of each column shows the pattern at axial alignment and the bottom of each column shows the pattern at a tilt equal to the axial channeling critical angle, w a . Columns (a) and (b) of these two figures provide a comparison of experimental and simulated patterns through ultra-thin membranes. The layer thicknesses in Fig. 4 are based on the experimental geometry where the 55 nm thick [001] membrane is tilted through 45 to the [011] axis, giving a longer path length through the crystal. Fig. 4(c) shows simulated patterns for a thicker membrane so that the effect of multiple scattering in obscuring the fine angular structure observed in thinner membranes is demonstrated. The most distinctive feature of the [011] patterns in Fig. 3 for tilting along the horizontally running (001) direction is the formation of a double ring-like structure and on tilting along the vertically running (1 10) direction is the formation of an half an elongated hexagon with separated outer arms (arrowed). These features are both well-reproduced in the [011] simulated patterns in Fig. 4 and are obscured in the simulated patterns through a thicker layer. While these features have been predicted in simulations, 26 they have never been previously observed.
